Abstract Considering the recent studies that question previously reported cardio-protective effects of estrogen, there is a growing concern that endocrine disruptors may also contribute to the pathology of cardiovascular disease. PCB153 is one of the most commonly found polychlorinated biphenyls, and based on epidemiological studies, has been implicated in cardiovascular disease. The endocrine disruptor PCB153 has been reported to bind the estrogen receptor alpha, induce vessel formation, and increase the formation of reactive oxygen species in endothelial cells. Since PCB153-induced phenotypic changes are similar to estradiol, we postulated that PCB153 activates redox signaling pathways common to 17β-estradiol. Whether the effect of PCB153 on the proteome is comparable to 17β-estradiol is not known. Therefore we investigated the proteome of human microvascular endothelial cells exposed to PCB153 (100 ng/ml) for 24 h. Using 2D DIGE coupled to MALDI-time of flight (TOF)/TOF MS, we found 96 protein spots significantly (greater than 1.5-fold) modulated by experimental treatments. Mass spectrometry identified 11 of 13 protein spots with high confidence protein score CI that was greater than 95%. Of the identified proteins, lamin A/C and far upstream element-binding protein (FUBP1) were regulated similarly by both treatments. FUBP1 is of particular interest because it controls cmyc. While lamin A/C modulates transcription factor AP-1 function. Interestingly, both c-myc and AP-1 are redox-sensitive transcription factors known to regulate genes required for cell growth. Network analysis of these proteins showed transforming growth factor β-1 and c-myc to play central roles. While our findings do not reveal any mechanisms involved in PCB153-induced vascularization, the identified network does provide a potential target pathway for further mechanistic studies of these relationships.
Introduction
Pulmonary arterial hypertension (PAH) causes an increase in pulmonary arterial pressure that leads to a right ventricular failure and death. In the USA, PAH afflicts approximately 100,000 individuals and causes 20,000 deaths each year (Hyduk et al. 2005) . Vascular lesions of severe PAH consist of actively proliferating endothelial cells that lead to arterial blockage (Sakao et al. 2009 ). In women, PAH is roughly twice as common compared with men (Newman et al. 2004 ); whetherly reported beneficial effects of estrogen on the cardiovascular system. The Women's Health Initiative indicated that long-term use of estrogen did not decrease and may have increased the risk of cardiovascular disease (CVD) (Rossouw 2005) . Both pulmonary hypertension and pulmonary intimal vascular lesions have been associated with the use of oral contraceptives (Irey and Norris 1973; Kleiger et al. 1976 ). Since estrogen is a known mitogen of endothelial cells, we postulate that pulmonary vascular lesions are a consequence of excess or unopposed estrogen. Although beneficial effects of estrogen on the endothelium have been reported (Cid et al. 2002) ; we propose that differences between endothelial cell types may account for greater susceptibility of pulmonary arteries to estrogen-induced vascular lesion formation.
Widespread contaminants in the environment such as arsenic, tobacco smoke, and polychlorinated biphenyls (PCBs) have been reported to possess estrogenic activity (Bitman and Cecil 1970; Davey et al. 2007; Meek and Finch 1999; Tavolari et al. 2006) . There is now increasing evidence that exposure to these endocrine disruptors may contribute to the development of cardiovascular disease. Several epidemiological studies have shown a link between PCB exposure and increased risk of CVD (Goncharov et al. 2008; Gustavsson and Hogstedt 1997; Hay and Tarrel 1997; Sergeev and Carpenter 2005; Tokunaga and Kataoka 2003) . Considering the recent studies that question the previously reported cardio-protective effects of estrogens, there is a growing concern that estrogenic PCBs may increase the risk for PAH by inducing the formation of pulmonary vascular lesions. PCBs are a class of over 200 congeners but we chose PCB153 because it was shown to bind the ERα and induce vessel formation in endothelial cells (Tavolari et al. 2006 ). The present study aims to investigate the differential effects on the proteome of human vascular endothelial cells exposed to environmentally relevant concentrations (ppb-parts per billion) of PCB153, and physiological concentrations of 17β-estradiol.
Materials and methods

Cell culture
A telomerase-immortalized human microvascular endothelium cell line was obtained from American Type Culture Collection (Manassas, VA) to be referred throughout this study as HMVEC. These endothelial cells have retained many of the phenotypic characteristics of the primary endothelial cells from which they were derived including normal cell morphology and the capacity to form tubules in vitro (Venetsanakos et al. 2002) . Cells were grown in endothelial cell basal medium-2 supplemented with EGM 2-MV SingleQuots from Lonza (Walkersville, MD). Estrogen treatments were studied under the following culture conditions: 75-80% confluent cultures in 150 mm dishes were washed and serum starved in phenol redfree medium for 3 h. Thereafter, the cells were treated with either PCB153 (100 ng/ml) or 17β-estradiol (1 ng/ml) in phenol red-free medium supplemented with 10% charcoal/dextran-treated fetal bovine serum to avoid any estrogenic activity and maintained for 24 h. Estrogenic chemical treatments were prepared as follows. Stock solutions of PCB153 and 17β-estradiol were freshly prepared in dimethyl sulfoxide (DMSO). The same amount of DMSO as in PCB and estradiol-treated cells were added to control cultures. The level of DMSO in experimental media was less than 0.1%. PCB congener 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB153) was purchased from AccuStandard (New Haven, CT) and dissolved in DMSO. All other chemicals and reagents were purchased from Sigma (St. Louis, MO). Two-dimensional difference in gel electrophoresis were conducted by the following steps Preparation of samples Protein lysates were precipitated with 100% methanol, and each sample was resuspended in two-dimensional (2D) cell lysis buffer (30 mM Tris-HCl, pH 8.8, 7 M urea, 2 M thiourea, and 4% CHAPS). The mixture was sonicated at 4°C followed by shaking for 30 min at room temperature. The samples were then centrifuged for 30 min at 14,000 rpm, and the supernatant was collected. Protein concentration was measured using the Bradford assay (Bio-Rad).
CyDye labeling For each sample, 30 μg of protein was mixed with 200 pmol CyDy2, Cy3, or Cy5 and kept in the dark on ice for 30 min. The labeling reaction was stopped by adding 10 mM lysine to each sample, and incubating in the dark on ice for an additional 15 min. The labeled samples were then Fig. 1 Cellular proteins from cultured human microvascular endothelial cells (HMVEC) identified by 2D-DIGE. HMVECs were treated with PCB153 (100 ng/ml) or 17β-estradiol (1 ng/ml) for 24 h. Each sample was labeled with CyDye DIGE fluors. Three samples were simultaneously separated on a single 2D gel, using IEF in the first dimension using a linear pH 3-10 IPG strip, followed by a 12% SDS-PAGE in the second dimension. After electrophoresis, the gel was scanned using a typhoon image scanner. ImageQuant software was used to generate the image presentation data including the single and overlay images: a control (green) and PCB153 (red); b control (green) and estradiol (red); and c PCB153 (green) and estradiol (red). Control treatment was vehicle DMSO (0.1%). Representative gel images are shown mixed together. 2X2-D Sample buffer (8 M urea, 4% CHAPS, 20 mg/ml DTT, 2% pharmalytes, and trace amount of bromophenol blue), destreak solution (GE Healthcare), and rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 20 mg/ml DTT, 1% pharmalytes, and trace amount of bromophenol blue) were added to a final volume of 260 μl. The samples were mixed well and spun down before loading onto the strip holder.
Isoelectric focusing and SDS-PAGE After loading the labeled samples to pH 3-10 linear IPG strips (GE Healthcare), the isoelectric focusing (IEF) was run for 12 h rehydration at 20°C, followed by 500 V for 1,000 VHr, 1,000 V for 2,000 VHr, and 8,000 V for 24,000 VHr. Upon finishing the IEF, the IPG strips were incubated in freshly made equilibration buffer-1 (50 mM Tris-HCl, pH 8.8, containing 6 M urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), trace amount of bromophenol blue, and 10 mg/ml DTT) for 15 min with gentle shaking. Then the strips were rinsed in freshly made equilibration buffer-2 (50 mM Tris-HCl, pH 8.8, containing 6 M urea, 30% glycerol, 2% SDS, trace amount of bromophenol blue, and 45 mg/ml Iodacetamide) for 10 min with gentle shaking. Next, the IPG strips were rinsed in SDS-gel running buffer before transferring into 12% SDS-gels (18×16 cm) followed by sealing with 0.5% Agarose (Bio-Rad) in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) running buffer. The SDS-gels were run at 15°C until the dye front ran out of the gels.
Image scan and data analysis Gel images were scanned immediately following the SDS-PAGE using Typhoon TRIO (Amersham BioSciences) of Cy2, Cy3, and Cy5 labeled protein images by excitation at 488, 532, and 633 nm, respectively, and emission at 520, 590, and 680 nm, respectively, at a spatial resolution of 100 μm. The scanned images were then analyzed by Image Quant software Version 6.0 (Amersham BioSciences), followed by in-gel analysis using DeCyder software Version 6.0 (Amersham BioSciences). The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5-fold change was set.
Protein identification by mass spectrometry Spot picking and Trypsin digestion: The spots of interest were picked up by Ettan Spot Picker (Amersham BioSciences) based on the in-gel analysis and spot picking design by DeCyder software. The gel spots were washed a few times then digested ingel with modified porcine trypsin protease (Trypsin Gold, Promega). The digested tryptic peptides were desalted by Zip-tip C18 (Millipore), and peptides were eluted from the Zip-tip with 0.5 μl of Matrix solution (Agilent Technologies) and spotted on the matrix-assisted laser desorption/ionization (MALDI) plate (model ABI 01-192-6-AB). MALDI-time of flight (TOF; MS) and TOF/TOF (tandem MS/MS) were performed on an ABI 4700 mass spectrometer (Applied Biosystems). MALDI-TOF mass spectra were acquired in reflection-positive ion mode, averaging 4,300 laser shots per spectrum. TOF/TOF tandem MS fragmentation spectra were acquired for each sample, averaging 4,300 laser shots per fragmentation spectrum on each of the ten most abundant ions present in each sample (excluding trypsin autolytic peptides and other known background ions). Both of the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search engine (Matrix Science) to search the database of National Center for Biotechnology Information non-redundant (NCBInr). The parameters were set at 800-4,000 Da to create the "peak list." Searches were performed without constraining protein molecular weight or isoelectric point, with variable carbamidomethylation of cysteine and oxidation of methionine residues, and with one missed cleavage allowed in the search parameters. Mass tolerance was set at 0.3 Da and 100 ppm. Candidates with either protein score Fig. 2 Enlarged gel image from overlay of two samples. ImageQuant software was used to generate overlay images which were subjected to DeCyder software analysis Version 6.0. The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5-fold change was set. By using fold≥1.5 as cutoff in the DeCyder analysis, a total of 96 well-resolved spots were selected. Those spots were circled and numbered in the large overlay gel images. a Gel image from overlay of control (green) and PCB153 (red). b Gel image from overlay of control (green) and estradiol (red). c Gel image from overlay of PCB153 (green) and estradiol (red) Estradiol vs. Control PCB153 vs. Estradiol a b confidence interval (CI)% or Ion CI% greater than 95 were considered significant.
Network analysis
Ingenuity Pathway Analysis software (IPA) uses computational algorithms to identify and establish cellular networks that statistically fit the input protein list and expression values from experiments. Data sets containing gene names of the identified proteins and fold changes were overlaid onto a global molecular network developed from information contained in the database. Networks were then algorithmically generated based on their connectivity and a score was assigned. The score is used to rank networks according to how relevant they are to the molecules in the input dataset. Each network or pathway was arbitrarily set to have a maximum of 35 focus molecules. The significance of the association between the data set and the canonical pathways was determined by: (1) a ratio of the number of molecules from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway and (2) a P value calculated using Fischer's exact test.
Results
Physiological abnormalities following exposure to endocrine disruptors are accompanied by alterations at the protein level of individual cells. Our unpublished cell line data showed a significant increase in PCB-induced vascularization with PCB153 concentrations of 10-100 ng/ml while others have shown vascular tube formation at high micromolar concentrations (Tavolari et al. 2006 ). Therefore we further studied this endothelial cell phenotype by twodimensional difference in gel electrophoresis (2D-DIGE) analysis of protein expression levels from human endothelial cells exposed 24 h to either PCB153 or 17β-estradiol. PCB blood levels have been reported to reach approximately 1,000 ng/ml (~3 μM) in occupationally exposed individuals (Wassermann et al. 1979) . Based on known PCB blood levels from occupational exposure and our preliminary results; we chose a 10-fold lower PCB dose of 100 ng/ml (~0.3 μM) to expose endothelial cells. Our previous studies also showed endothelial cell proliferation and vascular tube formation at physiological doses of 17β-estradiol (Felty 2006; Felty and Porther 2008) ; therefore HMVEC were exposed to estradiol at 1 ng/ml (~3.6 nM).
Proteomic analyses of HMVEC exposed to PCB153 and estradiol 2D DIGE analyses was performed on HMVEC cell lysate from 24 h treatment with the vehicle, PCB153, or estradiol. Cell lysates were labeled with Cy2, Cy3, and Cy5; and the labeled samples were then combined for 2D DIGE analysis. Three samples were simultaneously separated on a single 2D gel, using IEF in the first dimension using a linear pH 3-10 IPG strip, followed by a 12% SDS-PAGE in the second dimension. In Fig. 1 , cellular proteins from HMVEC were identified by 2D-DIGE. An average of 2,200 spots was detected in each treatment group. HMVEC global protein expression analysis of PCB153 showed a 1.5% increase, 3.1% decrease, and similarity of 95.4% compared with control (Fig. 1a) . Estradiol treatment showed a 6.9% increase, 4.3% decrease, and similarity of 88.8% in total protein levels when compared with control (Fig. 1b) . In Fig. 1c , estradiol treatment showed a 10.7% increase, 5.6% decrease, and 83.7% similarity when compared with PCB153 protein expression. ImageQuant software was used to generate overlay images which were subjected to DeCyder software analysis. The DeCyder spot detection algorithm calculated ratio (volume of a spot from the secondary image/volume of the corresponding spot from the primary image), and a threshold of 1.5-fold change was set. By using fold≥1.5 as cutoff in the DeCyder analysis, a total of 96 well-resolved spots were selected. Those spots were circled and numbered in the large overlay gel images (Fig. 2) and summarized in Table 1 . From the 96 protein spots, 13 spots of interest were picked up by an Ettan Spot Picker based on the in-gel analysis and spot picking design by DeCyder software. Protein expression changes of the spots of interest were visualized by 3D imaging and integrated density (volume) was calculated for spots of interest (Fig. 3) . Identification of selected spots of interest Protein identification was based on peptide fingerprint mass mapping and peptide fragmentation mapping. Tandem MS fragmentation spectra were acquired for each of the ten most abundant ions present in each sample and submitted for the database search to identify proteins from the database of NCBInr. Candidates with either protein score confidence interval (CI)% or Ion CI% greater than 95 were considered significant. With these criteria, a total of 11 of the 13 selected spots of interest were successfully identified ( Table 2 ). The identified proteins were classified with respect to their subcellular localization in order to get an overview of the effects of PCB153 and estradiol on the proteome of HMVEC. According to information collected by IPA, all identified spots of interest were intracellular proteins distributed in the cytosol (64%) and nucleus (36%). Relative expression of the identified proteins indicated differentially expressed proteins between PCB153 and estradiol exposure (Table 3 ). The following proteins were upregulated in estradiol treatment when compared to 
Discussion
The major findings using 2D-DIGE coupled to MALDI-TOF/TOF MS from this study are: more Fig. 3 Gel visualization of selected spots from DeCyder Analysis. Detailed analysis of protein spots, along with 3D images to visualize the protein expression changes. Representative data images show up-and down-regulated spots in the following treatment groups: control (0.1% DMSO); PCB153 (100 ng/ml); 17β-estradiol (1 ng/ml) than 90 proteins were significantly modulated by PCB153 or 17β-estradiol treatment. Some of these up-regulated proteins included filamin B, MX1 protein, cathepsin B, myosin regulatory light chain MRCL2, and ISG15 ubiquitin-like modifier and down-regulated proteins were lamin B1, electron transfer flavoprotein chain A, vacuolar protein sorting 29, and cyclophilin A. FUBP1 is of particular interest because it controls c-myc. While lamin A/C modulates transcription factor AP-1 function. Interestingly, both c-myc and AP-1 are redox-sensitive transcription factors known to regulate genes required for cell growth. Network analysis of these proteins showed transforming growth factor β-1 (TGFB1) and c-myc to play central roles. Estrogen produces both beneficial and adverse effects on cardiovascular health via mechanisms that remain unclear. Although estradiol-induced protein expression in endothelial cells has been studied, the question of whether estrogenic PCB-induced protein expression differs from the natural hormone 17β-estradiol has not been explored until now. This is the first report to our knowledge on the differential effects of the endocrine disruptor PCB153 and 17β-estradiol on the proteome of human microvascular endothelial cells. The HMVEC cell line is reported to express both estrogen receptors (ERα/β); and estradiol treatment was shown to increase phosphorylation of ERα (Klinge et al. 2005) . Our previous studies have shown that physiological concentrations of estradiol (100 pg-1 ng/ml) induce the formation of reactive Fig. 3 (continued) oxygen species (ROS) that are involved in signaling cell proliferation and vascularization (Felty 2006; Felty and Porther 2008) . PCB153 has been shown to bind the ERα as well as induce vessel formation in endothelial cells (Tavolari et al. 2006) . Discrepancies between the binding affinity of various estrogens to the ER and their growth potency both in vitro and in vivo have been reported (Bocchinfuso et al. 1999; DuMond, Jr. et al. 2001) . Although selective ER modulators such as tamoxifen and antiestrogens such as ICI 182,780 prevent the growth of estrogen responsive cells, the contribution of other mechanisms cannot be ruled out as these chemicals also block metabolism and redox cycling of estrogen, and are free radical scavengers (Arteaga et al. 2003) . Since the binding affinity of endocrine disruptors Fig. 3 (continued) such as PCBs to the ER are relatively weak when compared with 17β-estradiol, we postulate that PCB153 activates redox signaling pathways that do not depend on the nuclear ER. Coplanar PCBs are reported to bind with a high affinity to the aryl hydrocarbon receptor (AhR) and induce AhRmediated gene expression of cytochrome P4501A1 (Hennig et al. 2002) . This increase in CYP1A1 was implicated as a mechanism for ROS formation in PCB exposed endothelial cells reported by Hennig et al. However, non-coplanar PCBs like PCB153 are not good ligands for the AhR and their mechanisms of action are not completely understood. There is evidence for PCB153 mediated activation of NADPH oxidase which is a known source of cellular ROS that participates in redox signaling (Eum et al. 2009 ). This Fig. 3 (continued) point may help explain why PCB153, a weak estrogen, induced endothelial tube formation comparable to estradiol (data unpublished). Since both PCB153 and estradiol increase ROS in endothelial cells, it is possible that PCB153 activates redox signaling pathways common to 17β-estradiol.
A limitation of the 2D approach is that it will often miss small molecular weight and less abundant proteins, which may include important transcription regulatory molecules. Therefore spots of interest were not chosen entirely on dramatic fold differences between treatments. From the 96 spots, we selected 13 spots for further protein identification analysis. The analyses identified 11 of the 13 spots of interest with high confidence protein score CI that was greater than 99% (Table 2) . Of the identified proteins, Lamin A/C and FUBP1 were of particular interest because they were regulated similarly by both PCB153 and estradiol treatment (Table 3) . A-type lamins play important roles in the control of gene expression in the nucleus. For example, lamin A/C suppresses transcription factor AP-1 function through direct interaction with c-fos (Ivorra et al. 2006) . Mitogeninduced ERK1/2-mediated phosphorylation of c-fos releases it from the inhibitory interaction with lamin A/C before de novo synthesis of c-fos, thus allowing a rapid induction of AP-1 activity (Gonzalez et al. 2008) . We have previously shown that estrogeninduced ROS activate the binding of the AP-1 which is a known redox-sensitive transcription factor (Felty et al. 2005b ). Since both PCB153 and estradiol treatment down-regulated lamin A/C, we postulate that this decrease in lamin A/C will lead to an increase in free or unbound nuclear c-fos. It is this unbound c-fos that could result in an increase in AP-1 activity allowing for the expression of cell cycle genes contributing to cell growth. Interestingly, FUBP1 is another protein involved in the regulation of gene transcription. FUBP1 is reported to bind an upstream element of the c-myc promoter and regulates the c-myc mRNA level (Bazar et al. 1995) . In estrogen-dependent MCF-7 cells, FUBP1 was recently identified to be differentially expressed after PCB153 and atrazine exposure (Lasserre et al. 2009 ). Unlike MCF7 cells, PCB153 produced a significant increase in FUBP1 in this study in HMVEC. Regulation of the expression levels of FUBP1 is of particular significance in vascular lesions formation due to its ability to control the level of cmyc in the cell. Although c-myc has classically been considered to be involved in cancer, advanced stages of vascular lesions are characterized by a local increase in tissue mass which has brought attention to potential c-myc involvement in CVD. For instance, c-myc is implicated in both endothelial dysfunction and atherogenesis (de et al. 2003) . In vascular cells, c- The spots of interest were picked up by Ettan Spot Picker and digested in-gel with modified porcine trypsin protease. The digested tryptic peptides were desalted, peptides eluted, and spotted on the MALDI plate. Protein identification was based on peptide fingerprint mass mapping (using MS spectra) and peptide fragmentation mapping (using MS/MS spectra). Combined MS and MS/MS spectra are submitted for database search using GPS Explorer software equipped with the MASCOT search engine to identify proteins from the database of NCBInr. Candidates with either protein score confidence interval (CI)% or Ion CI% greater than 95 were considered significant a Protein Location and Type were identified using Ingenuity Pathways Analysis software (Ingenuity Systems).
Cell Biol Toxicol (2011) 27:49-68 myc was shown to be activated by ROS (Rao and Berk 1992) . Based on these findings, we postulate that PCB153 and estradiol increase FUBP1 which in turn controls the level of c-myc in a redox-sensitive pathway. Since c-myc is known to regulate genes that are required for cell growth, PCB153 and estradiol treatments may elicit their effects on cell proliferation and vascular tube formation via FUBP1. Proteins that were up-regulated by estradiol treatment when compared to PCB153 included myosin regulatory light chain MRCL2, filamin B, cathepsin B, MX1, and ISG15 ubiquitin-like modifier. Estradiol treatment showed a fold increase≥1.5 for myosin regulatory light chain MRCL2 isoform A. Phosphorylation of the regulatory light chain of myosin II such as MRLC2 is a primary means of activating myosin II and is known to be crucial for the execution of cell division (Iwasaki et al. 2001 ). An increase in MRLC2 protein may be associated with supporting estrogeninduced endothelial cell proliferation that we and others have reported (Felty 2006 ). Estradiol exposed HMVEC also showed a 2.3-fold increase in the level of filamin B; a family of actin binding proteins involved in connecting the plasma membrane and its integral proteins with the actin cytoskeleton (Calderwood et al. 2000) . Disruption of filamin B is reported to inhibit VEGF-induced capillary tube formation in 3D collagen gels and inhibition of cell migration (Del Valle-Perez et al. 2010) . Since estrogen is known to increase VEGF and tube formation by endothelial cells, the observed increase in filamin B is expected. Cathepsin B is an enzymatic protein belonging to a group of cysteine proteases. Localization of proteases to the surface of endothelial cells and remodeling of the extracellular matrix are essential to endothelial cell tube formation. During in vitro capillary tube formation, active cathepsin B has been shown to increase in caveolar fractions (Cavallo-Medved et al. 2009 ). Thus, cathepsin B could play a role in signaling vascularization by estradiol. MX1 is similar to mouse protein that protects against flu infection by influenza A virus and rhabdovirus (Pavlovic and Staeheli 1991) . Interferon gamma exposure is reported to induce MX1 gene expression and the MX1 protein in human uterine microvascular endothelial cells, but whether MX1 expression is due to an estrogen-induced inflammatory response or ROS is not known (Kitaya et al. 2007 ). ISG15 is a ubiquitinlike modifier (Haas et al. 1987) . Similar to ubiquitin, ISG15 becomes conjugated to a variety of proteins (ISGlyation) when cells are treated with type I interferon or lipopolysaccharide (Loeb and Haas 1992) ; a process which is similar to protein ubiquitylation, however, ISG15 conjugation does not increase the degradation of ISGylated proteins (Malakhov et al. 2003) . Cysteine residues of ISG15 have been shown to be modified by nitric oxide (NO) (Okumura et al. 2008) . Furthermore, it was reported that nitrosylation of ISG15 decreased the dimerization of ISG15 which in turn increased the availability of free ISG15 to be used for ISGylation. Key regulators of signal transduction have been identified to be conjugated with ISG15: phospholipase Cγ1; kinases Jak1 and ERK1; and the transcription factor Stat1 (Malakhov et al. 2003) . Although many targets of ISGylation have now been identified, the consequences of modification by ISG15 are in most cases unknown. It is generally believed that the primary target of estrogens in the cardiovascular system is endothelial nitric oxide synthase (eNOS). Estrogen is known to mediate the production of NO and similarly PCBs have also been shown to increase eNOS phosphorylation and NO production in human vascular endothelial cells (Lim et al. 2007 ). Although its role in estrogen-induced vascularization is not known, ISG15 may potentially be regulated by reactive nitrogen species from our experimental treatments. Proteins down-regulated by estradiol treatment when compared to PCB153 included lamin B1, cyclophilin A (CyPA), electron transfer flavoprotein A, and vacuolar protein sorting 29. PCB153 treatment increased lamin B1 1.85-fold when compared with control. Lamin B1 at the nuclear lamina was shown to sequester octamer transcription factor 1 (Oct-1) (Malhas et al. 2009 ). Oct-1 has been reported to be a repressor of genes important for the cellular response to oxidative stress (Tantin et al. 2005) . Disrupting the interactions between lamin B1 and Oct-1 resulted in the overall down-regulation of oxidative stress response genes. Based on these reports, the increase of lamin B1 may help HMVEC with excess ROS formation from PCB153 exposure. Sequestering Oct-1 would allow for the activation of oxidative stress response genes ultimately leading to a reduction of oxidant levels in the cell. CyPA is a cytosolic protein possessing peptidyl-prolyl isomerase and chaperone activities. CypA is alleged to contribute to the correct folding of misfolded proteins that have accumulated due to stress. CyPA was shown to be highly expressed in atherosclerotic plaques from the ApoE-/-mouse. Endothelial cells exposed to CyPA show increased in cell proliferation, migration, invasive capacity, and tubulogenesis (Kim et al. 2004) . CyPA was shown to be secreted by VSMCs in response to oxidative stress and mediated ERK1/2 activation and VSMC growth by ROS (Jin et al. 2000) . Evidence for CyPA as a secreted redoxsensitive mediator and its reported effects in vascular cells suggest an important role for CyPA in the pathogenesis of vascular diseases. CyPA was reported to significantly increase cell proliferation of human lung endothelial cells, however, it is not known whether pulmonary vascular lesions show an increase in CyPA (Yang et al. 2005) . Electron transfer flavoproteins function as electron shuttles between primary flavoprotein dehydrogenases involved in mitochondrial fatty acid and amino acid catabolism and the membrane-bound electron transfer flavoprotein ubiquinone oxidoreductase (Roberts et al. 1996) . We have shown that estrogen-induced mitochondrial ROS signal DNA synthesis in endothelial cells (Felty et al. 2005a; Felty 2006) , it is not clear how downregulation of ETF would affect ROS production in HMVEC. Vacuolar protein sorting 29 is a component of a large multimeric complex, termed the retromer complex, which is involved in retrograde transport of proteins from endosomes to the trans-Golgi network .
The differentially expressed proteins regulated by PCB153 and estradiol were analyzed using IPA software to identify significant networks. The results provide information on how the dataset overlaps molecules associated with various diseases and cellular functions. The number one ranked network (score=30, focus molecules=11) (Fig. 4a) was associated with Cardiovascular System Development and Function, Organism Development, and Drug Metabolism. TGFB1 and the transcription factor c-myc play central roles in the identified network. The top biological functions of networks associated with the identified proteins are summarized in Fig. 4b . Interestingly, we have recently shown both PCB153 and estradiol treatment to significantly up-regulate≥2-fold TGFB2 mRNA expression in HMVEC (Felty, Q et al. in press ). According to the KEGG database TGFB2 functions through the same receptor signaling system as TGFB1. Further supporting the biological significance of TGFB1 network identified by IPA analysis in PCB153 and estradiol exposed HMVEC.
Although estrogen-induced protein expression has been studied in endothelial cells, there is a lack of knowledge about how the protein expression profile differs from exposure to endocrine disruptors. Several epidemiological studies have shown a link between PCB exposure and increased risk of CVD (Goncharov et al. 2008; Gustavsson and Hogstedt 1997; Hay and Tarrel 1997; Sergeev and Carpenter 2005; Tokunaga and Kataoka 2003) . Considering the recent studies that question the previously reported cardio-protective effects of estrogens, there is a growing concern that endocrine disruptors such as PCB153 may increase the risk for PAH by inducing the formation of pulmonary vascular lesions. Growing evidence implicates the overproduction of ROS such as hydrogen peroxide, superoxide anion, and peroxynitrite in the development of CVD. Thus, identification of redox signaling pathways that mediate vascularization may add to the knowledge base of how endocrine disruptors affect the vascular wall. Advanced stages of vascular lesion formation are characterized by a local increase in tissue mass. This increase in tissue mass can be attributed to oxidation-sensitive modification of cell cycle-related events, including cellular proliferation. While our findings do not reveal any mechanisms involved in PCB153-induced vascularization, the identified network does provide a potential target pathway for further mechanistic studies of these relationships.
